The enormous metabolic plasticity of plants allows detoxification of many harmful compounds that are generated during biosynthetic processes or are present as biotic or abiotic toxins in their environment. Derivatives of toxic compounds such as glutathione conjugates are moved into the central vacuole via ATP-binding cassette (ABC)-type transporters of the multidrug resistance-associated protein (MRP) subfamily. The Arabidopsis genome contains 15 AtMRP isogenes, four of which (AtMRP1, 2, 11 and 12) cluster together in one of two major phylogenetic clades. We isolated T-DNA knockout alleles in all four highly homologous AtMRP genes of this clade and subjected them to physiological analysis to assess the function of each AtMRP of this group. None of the single atmrp mutants displayed visible phenotypes under control conditions. In spite of the fact that AtMRP1 and AtMRP2 had been described as efficient ATPdependent organic anion transporters in heterologous expression experiments, the contribution of three of the AtMRP genes (1, 11 and 12) to detoxification is marginal. Only knockouts in AtMRP2 exhibited a reduced sensitivity towards 1-chloro-2,4-dinitrobenzene, but not towards other herbicides. AtMRP2 but not AtMRP1, 11 and 12 is involved in chlorophyll degradation since ethylene-treated rosettes of atmrp2 showed reduced senescence, and AtMRP2 expression is induced during senescence. This suggests that AtMRP2 is involved in vacuolar transport of chlorophyll catabolites. Vacuolar uptake studies demonstrated that transport of typical MRP substrates was reduced in atmrp2. We conclude that within clade I, only AtMRP2 contributes significantly to overall organic anion pump activity in vivo.
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Introduction
The ATP-binding cassette (ABC) protein superfamily is one of the largest protein families known (Henikoff et al. 1997) and its members are found in all organisms investigated. In most cases, eukaryotic ABC transporters mediate the transport of structurally diverse substrates from the cytosol towards extracytosolic compartments including the extracellular space or the central vacuole by directly utilizing ATP hydrolysis to energize this process. As in every good family, notable exceptions to the rule exist. These include ABC proteins lacking a clear transport function such as the cystic fibrosis transmembrane conductance regulator (CFTR) responsible for cystic fibrosis which acts as a chloride channel, and a P-glycoprotein from Coptis japonica which is involved in alkaloid uptake rather than export, thus transporting in the 'wrong' direction (Shitan et al. 2003) .
The initial discovery of directly energized, ATP-dependent vacuolar transport of glutathione conjugates (GS-Xs) appearing during phase II of detoxification as a result of glutathione S-transferase action on activated toxic substances demonstrated the physiological importance of plant ABC transporters as a novel class of vacuolar ATPdriven pumps (Martinoia et al. 1993) . Two approaches established that the subclass of multidrug resistance-associated proteins (MRPs) is involved in detoxification processes. First, the identification of further compounds including endogenously produced substances undergoing ATPdependent vacuolar transport [e.g. chlorophyll catabolites (Hinder et al. 1996) , flavonoids (Klein et al. 2000) , alkaloids (Sakai et al. 2002) , salicylic acid glucoside (Dean and Mills 2004) ] demonstrated that ABC transporters have a more general role in elimination of xenobiotic or plant-derived potentially toxic compounds from the cytosol. Secondly, the identification of human MRP1/ABCC1 in a drug-resistant lung cancer cell line (Cole et al. 1992) together with the characterization of members of the MRP subfamily as ATP-driven pumps for GS-Xs and other organic anions (Konig et al. 1999 , Leslie et al. 2005 ) allowed analysis of MRP-related genes in plants and fungi (reviewed by Klein et al. 2006) . MRP proteins are so-called full-size ABC transporters consisting of a pseudo-symmetrical repetition of a transmembrane domain (TMD) followed by a cytosolic nucleotide-binding domain (NBD) which contains the highly conserved Walker A and B sequences known to be intimately involved in and required for the ATP hydrolysis reaction and the ABC signature (LSGGQ) spaced in between the Walker motifs. In most cases and in contrast to other full-size ABC transporters, MRPs possess an N-terminal hydrophobic extension resulting in the general TMD0-TMD1-NBD1-TMD2-NBD2 two-dimensional structure (Fig. 1, Frelet and Klein 2006) .
In Saccharomyces cerevisiae, yeast cadmium factor1 (Ycf1) and bile pigment transporter1 (Bpt1) are responsible for the total vacuolar ATP-dependent GS-X transport capacity, while Ycf1 at the same time confers cadmium tolerance to yeasts by its action as a vacuolar transporter for bis(glutathionato)cadmium complexes (Szczypka et al. 1994 , Li et al. 1996 , Sharma et al. 2002 . In Arabidopsis and rice, 15 and 17 MRP genes, respectively, have been identified , Kolukisaoglu et al. 2002 , Jasinski et al. 2003 . Phylogenetic analysis of the 15 AtMRP genes divided them into two subclades, with clade I consisting of AtMRP1 (At1g30400), 2 (At2g34660), 11 (At1g30420) and 12 (At1g30410). Members of each subclade exhibit a high degree of conservation of the exon-intron structure, while AtMRP13 does not cluster with both clades and AtMRP15 represents a pseudogene (Kolukisaoglu et al. 2002) . In clade I, members share between 68 and 90% amino acid identity, and the AtMRP1, 12 and 11 genes are found on chromosome 1 as a gene cluster in a tandem array and in a head to tail configuration (Kolukisaoglu et al. 2002) . The general phylogenetic subclade structure can be found in rice as well. However, clade I in rice consists of only one gene .
Heterologous expression in yeast and biochemical characterization of five Arabidopsis MRP genes of both subclades demonstrated that they are all capable of catalyzing the MgATP-energized, vanadate-sensitive transport of model GS-Xs such as dinitrobenzene-GS (DNB-GS), suggesting that most of the Arabidopsis MRPs are bona fide transporters for organic anions (for reviews, see Klein et al. 2006 , Rea 2007 . In spite of their close homology reflected by 87% amino acid identity, AtMRP2 but not AtMRP1 expressed in yeast displayed an enhanced multispecificity and was able to transport Bn-NCC-1, an O-malonylated chlorophyll catabolite of Brassica napus (Liu et al. 2001 AtMRP1 and AtMRP2 localize to the tonoplast (Liu et al. 2001 . Interestingly, AtMRP1 and AtMRP2 but not members of clade II physically interact with the C-terminal tetratricopeptide repeat domain of the membrane-bound FKBP-like immunophilin TWD1 (TWISTED DWARF1) which agrees with a modulation of vacuolar metolachlor-GS and 17b-estradiol 17-(b-D-glucuronide) (E 2 17G) uptake by recombinant TWD1 ).
In contrast to AtMRP genes of clade II (Gaedeke et al. 2001 , Klein et al. 2004 , knockout mutants in clade I have not been characterized. Here we report the characterization of individual T-DNA insertion mutants in all clade I AtMRP genes. Only atmrp2 knockout mutants exhibit reduced sensitivity towards the toxic compound 1-chloro-2,4-dinitrobenzene (CDNB). Furthermore, a delay in chlorophyll degradation in atmrp2 plants but not in the other mutants during ethylene-induced senescence suggests that AtMRP2 is involved in the vacuolar transfer of chlorophyll catabolites. Finally, vacuolar uptake of model glutathione and glucuronide conjugates is reduced in atmrp2 mutants. Taken together, we propose that AtMRP2 is partially responsible for vacuolar deposition of GS-Xs and chlorophyll catabolites in vivo, while the other clade I AtMRP genes do not or only marginally contribute to these processes.
Results

Isolation of T-DNA knockout mutant alleles in AtMRP genes
In an attempt to isolate mutants in AtMRP genes belonging to the clade I subfamily (Kolukisaoglu et al. 2002) Table I were successfully used in the isolation and verification of mutant T-DNA alleles. A mutant allele in AtMRP1 termed atmrp1-1 was isolated from the Feldmann collection of T-DNA mutants (Forsthoefel et al. 1992 ) initially using the primers mrp1D-a and LB2. Sequencing of the insertion site demonstrated that the insertion had occurred at position þ9,009 (þ1 marks the beginning of the ORF of the genomic sequence) in exon 23 of the AtMRP1 sequence, which codes for a region within the cytosolic NBD2 domain (Fig. 1A) . A T-DNA mutant in the AtMRP2 gene termed atmrp2-1 was identified in the Tom Jack population of enhancer trap lines in the Col-6/gla1 background (Campisi et al. 1999 ) initially using the primers mrp12a-s/TJ-LB1. In this case, the T-DNA was found within the AtMRP2 gene at position þ1,387 in exon 6, thereby disrupting the characteristic CL3 cytosolic loop interconnecting TMD0 and TMD1. A mutant allele for AtMRP12 termed atmrp12-1 was identified in pools generated from plants of the INRA Versailles collection of T-DNA mutants (Bechtold et al. 1993 ) with the primer pair MRP11/12-S1/VsLB1. However, in atmrp12-1 we were not able to locate the right border. The T-DNA insertion identified with the left border is at position þ846 at the donor site of intron 3. Further mutant alleles were found by database searches in the SALK collection of T-DNA lines (Alonso et al. 2003) . Verification of mutations in plants grown from seeds received from the NASC resulted in the identification of atmrp2-2 with the T-DNA insertion at position þ3,453 in intron 11 (SALK_127425) and atmrp11-1 with an insertion at position þ6,894 in exon 23 (SALK_072784). Finally, a second mutant allele for AtMRP12 termed atmrp12-2 was found in the SALK collection with a T-DNA insertion at position þ3,515 in exon 15 (SALK_057394). Sequence analysis performed with PCR products obtained from both borders of the inserted T-DNA demonstrated that the T-DNA insertion resulted in the deletion of 62 and 12 bp of gene sequence in atmrp2-2 and atmrp11-1, respectively, while no deletion could be found for atmrp12-2. Finally, reverse transcription-PCR (RT-PCR) analysis performed on total RNA extracted from aerial parts of soil-grown wild-type and mutant plants proved the absence of the corresponding transcripts in homozygous plants of all described mutants (Fig. 1B) .
Toxicity assays
Heterologous expression of AtMRP1 and AtMRP2 in yeast demonstrated that these ABC transporters are able to transport GS-Xs in an ATP-dependent manner , Liu et al. 2001 ). Therefore, it had been argued that both transporters are actively involved in phase III of detoxification ultimately transferring conjugated detoxified compounds into the vacuole. Using our collection of T-DNA mutants for clade I AtMRP genes, we directly tested whether detoxification of different xenobiotic compounds is compromised in single AtMRP knockouts. Null mutants and wild-type plants were germinated in the light on sterile plates containing a logarithmic series of concentrations up to 0.1 mM of the sulfonylurea herbicide primisulfuron, the chloroacetanilide herbicide metolachlor and the triazine derivative atrazine. None of the mutants exhibited changes in sensitivity towards any of the herbicides applied as compared with the respective wild types (data not shown). However, under control conditions without any toxic compound added, the atmrp12-1 but not the atmrp12-2 allele exhibited a slightly increased root growth, while root growth of atmrp2-2 and atmrp11-1 but not of atmrp2-1 was slightly reduced when compared with the wild type (Fig. 2) . In addition to the above-mentioned herbicides, the toxic compound CDNB, a classical substrate of glutathione S-transferases (Edwards 1996) , was applied. In contrast to herbicide treatments, root growth of both atmrp2 alleles was affected when plants were treated with 1 and 3 mM CDNB. In the presence of 3 mM CDNB, the root length of atmrp2 mutants was reduced to about 80% of the wild-type root length, and this difference in root growth was significant at the P50.05 level ( Fig. 2A, B ). Root growth reduction by CDNB in all other atmrp mutants was indistinguishable from that of the corresponding wild types (Fig. 2B, C) . In contrast, submicromolar concentrations of CDNB did not result in significant hypersensitivity of the atmrp2 mutant alleles. CDNB at !10 mM abolished plant growth in all lines. Therefore, with respect to CDNB, single knockout mutants demonstrated a significant contribution of AtMRP2 to intracellular detoxification in vivo.
AtMRP2 is involved in chlorophyll degradation in vivo
During senescence, chlorophyll catabolites such as the non-fluorescent chlorophyll catabolite Bn-NCC-1 from Brassica napus are ultimately deposited into the vacuole via an ABC transporter (Hinder et al. 1996) . Heterologous expression of AtMRP2 and the clade II gene AtMRP3 in yeast demonstrated that these AtMRPs but not AtMRP1 are able to transport Bn-NCC-1 in an ATP-dependent manner, suggesting that AtMRPs contribute to chlorophyll catabolism , Tommasini et al. 1998 ). Therefore, we investigated whether single knockouts in clade I AtMRP genes were affected in chlorophyll degradation and senescence (Fig. 3) . Naturally senescing single mutants as well as fully grown excised rosette leaves transferred into permanent darkness did not exhibit any mutant-related phenotypical change in chlorophyll degradation (data not shown). However, when identically grown single plants that did not exhibit any visible signs of senescence in rosette leaves were exposed to 20 p.p.m. ethylene for 2 d, ethylene promoted senescence as judged by leaf yellowing and disappearance of chlorophyll (Fig. 3A) . Excised rosette leaves of C 2 H 4 -treated, 7-week-old single wild-type plants lined up in a developmental series (leaf No. 1 corresponding to the youngest leaf) underwent ethylene-induced senescence as observed by the yellowing of leaf 12-14 onwards depending on the ecotype. In contrast, both atmrp2 alleles exhibited a mild stay-green phenotype when compared with the corresponding wild-type ecotypes: while leaves Nos. 12-16 and 15-21 of Col-6/gla-1 and Col-0, respectively, were yellow due to chlorophyll degradation, the corresponding leaves of the atmrp2-1 and atmrp2-2 plants were still green or at least much less affected by chlorophyll degradation (Fig. 3A) . In order to quantify this effect, total chlorophyll was measured in individual rosette leaves, and the relative 
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Col-6/gla1 atmrp2-1 (Fig. 3C, D) . After 3-9 d in darkness, the AtMRP2 transcript level was increased in semi-quantitative RT-PCR experiments when compared with the transcript level present in rosette leaves prior to dark treatment. In addition, to investigate the effect of natural senescence on AtMRP2 expression, leaves possessing only 87 or 54% of the chlorophyll content measured in non-senescent leaves were chosen for RNA isolation. Again, when compared with non-senescing controls, a higher level of AtMRP2 transcript was detected in leaves undergoing natural senescence (Fig. 3C, D) . Taken together, mutant analysis in clade I AtMRP genes suggested that AtMRP2 but not the other genes contributes to chlorophyll degradation probably by the action of AtMRP2 as a vacuolar transporter for chlorophyll catabolites or by an overall alteration of the senescence process. Furthermore, AtMRP2 is regulated on the transcriptional level during senescence.
A knockout in AtMRP2 results in decreased vacuolar organic anion transport Only atmrp2 single mutants exhibited phenotypes characterized by increased sensitivity towards CDNB and delayed chlorophyll degradation which could be interpreted as defects in vacuolar MRP-related transport activities. Mutants in AtMRP1, 11 and 12 were indistinguishable from their wild types in all experiments performed. In order to test directly whether a knockout in AtMRP2 affects vacuolar transport activities, mesophyll vacuoles were isolated from Col-6/gla-1 and atmrp2-1 rosette leaves, and transport experiments were performed using two classical substrates of MRP-type ABC transporters. In yeast expression experiments, it has been demonstrated that AtMRP2 mediates transport of GS-Xs as well as glucuronide conjugates. Col-6 mesophyll vacuoles possessed ATPdependent transport activities for the organic glucuronide E 2 17G which appears in the mammalian liver during steroid degradation, as already demonstrated for a variety of mono-and dicotyledonous plants (Table 1 ; Klein et al. 2006) . Efficient inhibition of vacuolar E 2 17G uptake by vanadate confirmed that transport occurred via an ABC transporter. In contrast, E 2 17G uptake was significantly reduced to about 70% when vacuoles were isolated from atmrp2-1 plants (P50.05). In a second series of uptake experiments, we investigated the transport activity with GS-Xs. Pilot experiments demonstrated that Arabidopsis vacuoles possessed a rather low transport activity when radiolabeled DNB-GS was used as a substrate (data not shown). Therefore, [ 3 H]leukotriene C4 (LTC4) was included in transport experiments. LTC4 is synthesized in bone marrow-derived leukocytes through the conjugation of glutathione to LTA4, and represents a high-affinity substrate for selected human MRP/ABCC transporters (Leier et al. 1994) . LTC4 was efficiently taken up into Arabidopsis Col-6 vacuoles in an ATP-dependent and vanadate-sensitive manner (Table 1) . As for the glucuronide, LTC4 transport rates were significantly reduced to about 60% of the wild-type uptake activity when experiments were performed with vacuoles isolated from atmrp2-1 plants (P50.05). For both substrates, vanadate efficiently inhibited transport into atmrp2 vacuoles to values seen in the wild type (P50.05). Previous studies using isolated rye and barley vacuoles and the characterization of transport activities of heterologously expressed AtMRP2 demonstrated that transport of glucuronides such as E 2 17G is strongly stimulated by DNB-GS (Klein et al. 1998 , Liu et al. 2001 . However, glucuronide transport rates into Arabidopsis vacuoles (Col-6 and atmrp2-1) were not increased when 0.2 mM DNB-GS was added (Table 1) .
AtMRP1 and AtMRP2 promoter-GUS fusions suggest partially differential expression in roots, cotyledons and flowers RT-PCR analysis of the expression of AtMRP1 and AtMRP2 in different tissues revealed that AtMRP1 is expressed mainly in leaves, roots, flowers and stems, but less in siliques, and that AtMRP2 is expressed at a lower level in all these organs (Kolukisaoglu et al. 2002) . In order to determine the tissue specificity of the expression of these genes in more detail, the upstream transcriptional regulatory region was examined. A 2.5 kb genomic fragment of the putative AtMRP1 and AtMRP2 promoter regions (Pro AtMRP1 and Pro AtMRP2 ) was fused to the uidA reporter gene, and b-glucuronidase (GUS) activity was analyzed in sterile-grown seedlings and soil-grown plants at different stages of development (Fig. 4) . GUS activity of 4-day-old Pro AtMRP1 ::GUS T 3 seedlings (n ! 11 independent homozygous, single insertion transformants) could be detected in all plant parts ( Fig. 4A ) with the exception of the root tip and the root elongation zone (Fig. 4A3) . Interestingly, GUS staining of Pro AtMRP2 ::GUS roots was high in the root tip and elongation zone, and decreased towards the hypocotyl (Fig. 4B) . GUS activity of Pro AtMRP2 ::GUS lines was low in cotyledons, which were strongly stained in the case of Pro AtMRP1 ::GUS seedlings, with the highest activity in the vascular bundles (Fig. 4A1, B1 ). Emerging primary leaves as well as rosette leaves exhibited Pro AtMRP1 -and Pro AtMRP2 -driven GUS activity (Fig. 4A2, B2 , C, D). Except for the higher activity in vascular bundles, GUS staining appeared rather uniformly distributed in leaves. In flowers, Pro AtMRP1 ::GUS activity was high in sepals and towards the stigma (Fig. 4E) , while AtMRP2 expression based on GUS activity was not detectable in this organ (Fig. 4H) . Maturing, yellow pods exhibited Pro AtMRP1 -driven GUS activity in the vascular bundles of the fruit wall, while GUS activity of Pro AtMRP2 ::GUS was low in siliques (Fig. 4F, J) .
Discussion
A mutant approach allows the dissection of single gene effects in a small redundant transporter subfamily Due to their sessile lifestyle, plants have evolved an enormous metabolic plasticity as well as mechanisms to detoxify various harmful compounds. One strategy of detoxification is the efficient protection of the cytosol by transfer of conjugated substances into the vacuole, a process which involves MRP-type ABC transporters . Using a reverse genetic strategy and physiological approaches, we could assign a role for AtMRP2 within the subclade I of four highly homologous, redundant Arabidopsis MRP transporters. Notably, for ABC transporters, redundancy does not exist solely at the genetic level but also at the level of protein function since many are well known for their broad and overlapping substrate specificities. However, only atmrp2 mutants exhibited changes in xenobiotic detoxification and chlorophyll degradation, and a reduction in overall vacuolar anionic conjugate transport activity.
Our results demonstrate that none of the four clade I genes encodes the 'major' transporter responsible for herbicide detoxification into the vacuole since we did not observe drastic changes in sensitivities towards different herbicides (Fig. 2) . Thus, either a clade II AtMRP has the 
In the absence of AtMRP2, ATP-dependent organic anion transport rates are reduced to 60-70%. n.d., not determined. The MannWhitney test was used to compare transport activity between vacuoles isolated from atmrp2-1 and Col-6/gla-1. When marked with an asterisk, atmrp2 activities were significantly different from Col-6/gla-1 (mean AE SD, P50.05, n ¼ 5).
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Open symbols, wild types; filled symbols, atmrp mutants. A significant difference (Mann-Whitney, P50.05 and n ¼ 3-6, mean AE SD) was obtained between the wild type and atmrp2 mutants for leaves Nos. 10 and 20 and Nos. 12 and 20 for atmrp2-1 and atmrp2-2 alleles, respectively.(C) Semi-quantitative RT-PCR demonstrates that AtMRP2 expression is slightly increased when either single excised rosette leaves are kept in permanent darkness or soil-grown Arabidopsis plants undergo natural senescence. Autoradiograph of a representative RT-PCR experiment in the presence of [ 33 P]dCTP (22 cycles). Amplification was performed as a multiplex PCR in the presence of an intron-spanning primer pair for AtMRP2 and a primer pair specific for the 40S ribosomal protein S16 gene (see arrows) using cDNA prepared from total RNA of excised leaf material kept in darkness for a defined period (days in darkness) or exhibiting the indicated loss of chlorophyll during natural senescence given as percentage chlorophyll. (D) Normalized histogram of RT-PCR results (n ¼ 3) exhibiting increasing AtMRP2/S16 expression ratios in excised leaves (left panel) or during natural senescence (right panel). Significant differences (Mann-Whitney, P50.05, mean AE SD) compared with non-senescent controls are indicated by an asterisk. primary function as a vacuolar conjugate pump for toxic compounds or several AtMRP genes act redundantly to achieve this transport function. Alternatively, it could be argued that the importance of vacuolar transfer (phase III of detoxification; Coleman et al. 1997 ) is overestimated since herbicides undergoing detoxification are already much less harmful upon attachment of hydrophilic molecules such as glucose or glutathione in phase II (Kreuz et al. 1996) .
Single-gene knockout mutations reveal that AtMRP2 is involved in chlorophyll degradation during senescence in vivo Only the atmrp2 knockout plants exhibited phenotypes related to initially proposed AtMRP functions ): a weakly increased sensitivity towards CDNB (Fig. 2) , a delay in chlorophyll degradation during ethylene-induced senescence (Fig. 3) and a partial loss of vacuolar ATPdependent, vanadate-sensitive organic anion transport activity (Table 1) . Thus, the analysis of single-gene mutants partially confirms the analysis of kinetic properties of AtMRP1 and AtMRP2 expressed in yeast: AtMRP2 but not AtMRP1 was able to transport the chlorophyll catabolite Bn-NCC-1, and the overall organic anion transport capacity was estimated to be greater for AtMRP2 than for AtMRP1 , Liu et al. 2001 . During senescence, the transcript level of AtMRP2 increases when Arabidopsis plants undergo natural senescence or when chlorophyll degradation is induced by placing rosette leaves into the dark (Fig. 3C, D) . This result is confirmed by comparative transcriptome data demonstrating that AtMRP2 expression was induced up to 8.7-fold when Arabidopsis leaves undergo natural senescence. In contrast, induction of AtMRP1 expression was weaker during senescence, resulting in a factor of 2.7 (Buchanan-Wollaston et al. 2005 ). We did not observe a senescence-related phenotype in our collection of singlegene mutants in clade I AtMRP genes when plants underwent natural senescence. However, when senescence was induced by ethylene, rosette leaves of atmrp2 mutants displayed a stay-green phenotype that was visible in developmentally 'older' leaves and could be quantified as a lack of ethylene-induced chlorophyll decomposition in atmrp2 leaves (Fig. 3A, B) . In contrast, atmrp1, 11 and 12 mutants were indistinguishable from their corresponding wild types, suggesting that AtMRP2 is functionally unique with respect to this phenotype or the contribution of other clade I transporters is less pronounced.
In order to rule out whether AtMRP2 expression is under direct control of ethylene, we mined the available 22k Affymetrix Arabidopsis transcriptome data sets using Genevestigator (Zimmermann et al. 2004) . Neither AtMRP1 nor AtMRP2 expression is strongly affected by short-term treatments with ethylene or ethylene biosynthesis inhibitors (data not shown). AtMRP11 and AtMRP12 cross-hybridize on the Affymetrix chips and therefore cannot be resolved. Co-expression analysis performed with the ATTED-II trans-factor and cis-element prediction database (Obayashi et al. 2007 ) did not reveal any indication that AtMRP2 expression is correlated to the expression of ethylene biosynthesis or signaling genes. We interpret these results as an indication that the phenotype observed in atmrp2 mutants is senescence related rather than ethylene induced, which is in accordance with our expression data. Thus, in our experiment (Fig. 3) ethylene only accelerates senescence whereas it most probably does not directly affect the function of AtMRP2. Taken together, it can be hypothesized that AtMRP2 acts as a vacuolar transporter for chlorophyll catabolites whereas mutant plants undergoing senescence are partially impaired in catabolite deposition into the vacuole. As a consequence, atmrp2 mutants slow down chlorophyll degradation by a feedback mechanism in order to avoid the hyperaccumulation of potentially phototoxic chlorophyll breakdown intermediates.
Reduced vacuolar transport activities in the atmrp2-1 mutant
The ATP-dependent, vanadate-sensitive vacuolar transport activities for the glutathione conjugate LTC4 and the glucuronide E 2 17G-two model substrates for MRP/ABCC-type transporters-were reduced to 60 and 70%, respectively, when mesophyll vacuoles isolated from atmrp2-1 were compared with the corresponding wild type vacuoles (Table 1) . Thus, within a gene family of 15 genes, AtMRP2 clearly contributes to vacuolar transport of organic anions. This result is in accordance with studies comparing the kinetic properties of AtMRP1 and AtMRP2 in yeast vesicles , Liu et al. 2001 . Transport of DNB-GS and a metolachlor-GS conjugate formed with the chloroacetanilide herbicide metolachlor occurred with comparable affinities (K m values $70 mM) while the K m for oxidized glutathione was 3-fold higher for AtMRP1 than for AtMRP2. The V max was clearly greater for AtMRP2 than for AtMRP1 for all substrates, suggesting that AtMRP2 possessed a higher catalytic capacity when compared with AtMRP1. Furthermore, AtMRP2 expressed in yeast was found to be unique in the sense that the application of combinations of transport substrates resulted in a complex cross-regulation of individual transport activities (Liu et al. 2001 ). These authors suggested that AtMRP2 possesses multiple binding sites interconnecting three or four semi-autonomous transport pathways for structurally distinct substrates. Interestingly, Arabidopsis mesophyll vacuoles did not display indications of cross-stimulation of organic anion transport since transport of E 2 17G was not stimulated by the GS-conjugate DNB-GS in our experiments. This result contradicts earlier transport experiments performed with rye and barley vacuoles where glucuronide transport was strongly stimulated by GS-Xs (Klein et al. 1998) . One possible hypothesis explaining cross-stimulation of ectopically expressed AtMRP2 but absence of stimulation on Arabidopsis vacuoles is that Arabidopsis vacuoles contain an unknown component that negatively controls GS-X stimulation of glucuronide transport which is absent or less stringently acting in cereals. Geisler et al. (2004) have recently shown that the membrane-bound immunophilin TWD1, which interacts with AtMRP1 and 2, affects organic anion transport in Arabidopsis vacuoles. It is tempting to speculate that TWD1 also inhibits the modulation of MRP-related transport activities in Arabidopsis, e.g. by glutathione and its derivatives.
Expression of AtMRP1 and AtMRP2 is partially overlapping in leaves and the hypocotyl, but distinct in roots, cotyledons and flowers
According to a preliminary RT-PCR analysis, all clade I AtMRP genes are expressed in all tissues and plant parts investigated (Kolukisaoglu et al. 2002) . Promoter-GUS fusions with the promoters of AtMRP1 and AtMRP2 studied here are active in different tissues and to different extents, suggesting diversity at the level of transcript abundance. In seedlings, both promoters produce GUS activity in the hypocotyl, while the staining pattern of roots suggests that AtMRP2 is more abundant in the developing and elongating zones of the root whereas the promoter of AtMRP1 is more active in the basal root parts (Fig. 4) . With regard to the increased sensitivity of sterile-grown atmrp2 alleles towards CDNB which primarily resulted in a reduction of root growth (Fig. 2) , the question arises as to whether toxic effects caused by this compound are more severe in atmrp2 mutants because cell division and root elongation are more directly affected in the absence of AtMRP2 while lack of AtMRP1 is less drastic because its presence in these tissues is reduced anyway when compared with AtMRP2. In contrast, the GUS staining pattern in rosette leaves is comparable for both genes, although a delay in leaf senescence (Fig. 3) and a lower transport activity of mesophyll vacuoles (Table 1) was specific for atmrp2 mutants. This latter observation suggests that differences in the catalytic activity and substrate specificity of the clade I AtMRP genes contribute significantly to the in vivo function of individual transporters within this gene family.
With respect to the functions of clade I MRP genes, it will be interesting to investigate the phenotype(s) of plants lacking all genes. In Arabidopsis, genetic crosses of singlegene knockouts with the quadruple knockout are hampered by the fact that AtMRP1, 12 and 11 are arranged as tandem duplications on chromosome 1. In order to overcome this problem, a knockout rice plant lacking OsMRP1 could be studied. OsMRP1 is the only MRP gene exhibiting high homology to the Arabidopsis clade I members (Jasinski et al. 2003 . Thus, investigation of OsMRP1 will be helpful to understand the conservation of physiological functions of clade I MRPs across different species.
Materials and Methods
Chemicals
Unless otherwise stated, all chemicals were from Sigma (Buchs, Switzerland). MS medium (Murashige and Skoog 1962) was from Duchefa (Haarlem, The Netherlands; No. M0233). [6, H(N)]E 2 17G
(specific activity 45 Ci mmol
À1
) and [14, 15, 19, 
H(N)]LTC4 (158 Ci mmol
À1
) were obtained from PerkinElmer Life Sciences Inc. (Boston, MD, USA). All herbicides were a kind gift of Dr. Klaus Kreuz (BASF AG, Ludwigshafen, Germany), and herbicides and CDNB were dissolved as stocks of 10 mM in dimethylformamide and ethanol, respectively.
Plant culture, senescence induction and herbicide toxicity assay
If not stated otherwise, Arabidopsis thaliana wild types, mutants and transgenic lines were grown from stratified (48 h at 48C) seeds on soil in phytotrons with a 8 h light period (218C; 70% relative humidity; 200 mmol m À2 s À1 PAR) and were watered twice a week. Upon germination on soil for 3 weeks, single plants were transferred into new pots which were kept at 8 h of light for another 3 weeks before use. For vacuole isolations, 3-week-old single plants were maintained in a growth chamber with 10 h light (150 mmol m À2 s À1 PAR; 218C; 70% relative humidity) for an additional 4 weeks. For the analysis of AtMRP2 expression in senescing rosette plants, plants grown for 8 weeks under short day conditions were used. Senescence was induced by placing individual fully expanded rosette leaves in a Petri dish with wet filter paper in darkness for 0, 3, 6 and 9 d (dark-induced senescence). Alternatively, attached leaves that had already started to senesce (developmental senescence), containing approximately 87 and 54% of the original chlorophyll content, were taken for RNA isolation. For the phenotypical investigation of chlorophyll degradation during ethylene-induced senescence, 7-week-old single plants, all possessing an identical number (520) of rosette leaves, were transferred into closed glass containers and treated with 0 (control) or 20 p.p.m. C 2 H 4 released from ethephon for 2 d.
All antibiotic resistance and segregation assays as well as herbicide tolerance tests were performed with bleach-sterilized, stratified seeds germinated on solid half-strength MS medium containing 1% (w/v) sucrose. Plates were placed in a growth room in a vertical position with light from the top (16 h), and root length was scored after 1 week. For all phenotypical and physiological investigations, care was taken to use several independent wild-type and mutant seed batches that were obtained from identically treated plants.
Isolation of mutant alleles
A collection of about 60,000 T-DNA insertion lines available through the Arabidopsis Stock Centers at Ohio State (ABRC) and the University of Nottingham (NASC) were screened for AtMRP1, 2 and 12 knockout alleles. To screen the entire coding region of these genes, a set of partially degenerated primers was designed (see Supplementary Table I ). These primers were used in combination with T-DNA-derived border primers in PCRs with DNA from T-DNA-transformed plants arranged in pools of 1,000 plants. Subsequent rounds of re-amplification of PCR products and generation of hybridization probes were performed with nested PCR primers to avoid cross-reactions with the primary PCR primer sequences.
T-DNA insertions in AtMRP1 (At1g30400), 2 (At2g34660) and 12 (At1g30410) were identified in Arabidopsis lines generated by Campisi et al. (1999) (atmrp2-1 in Col-6/gla1), Forsthoefel et al. (1992) (atmrp1-1 in Ws-2) and Bechtold et al. (1993) (atmrp12-1 in Ws-4) , and confirmed by sequencing of isolated PCR products, obtained from combinations of gene-specific and T-DNA border primers as described previously by Gaedeke et al. (2001) . Individual knockout lines were subsequently isolated by scoring DNA pools representing 100 and 20 single T-DNA lines followed by PCR analysis of a population of 400 single plants corresponding to positively scored DNA pools representing 20 individual lines. Homozygous plants were identified by PCR amplification with a combination of gene-specific and T-DNA primers; heterozygous plants yielded additional PCR products with a combination of two gene-specific primers encompassing the respective T-DNA insertion (Supplementary Table I ). Southern blot analyses were performed with T-DNA-specific as well as AtMRP-specific DNA probes for atmrp1-1 and atmrp2-1. Segregation of T-DNA insertions was ascertained by crossing homozygous atmrp1-1 and atmrp2-1 mutant plants with the corresponding wild types. Segregation analysis of F 2 progeny revealed a 3 : 1 ratio for the dominant selection marker kanamycin. Co-segregation was shown by proving PCR fragment amplification with combinations of gene-specific and T-DNA border primers only with DNAs from T-DNA-containing plants. Offspring of homozygous atmrp1-1 and atmrp2-1 lines segregated in the F 3 generation as 100% resistant plants, while hemizygous plants segregated again in a 3 : 1 ratio.
Further T-DNA mutants in clade I AtMRP genes including AtMRP11 (At1g30420) were identified with the help of the SIGnAL 'T-DNA Express' Arabidopsis Gene Mapping Tool (http://signal.salk.edu/cgi-bin/tdnaexpress), and seeds donated by the Salk Institute Genomic Analysis Laboratory (Alonso et al. 2003) were obtained from the NASC. The verification of the position of the T-DNA and genotyping of homozygous lines by PCR was performed essentially as described above for the mutants obtained by reverse genetic screening using primer combinations listed in Supplementary Table I .
Transcript levels of AtMRPs
RNA isolation, cDNA synthesis and PCR conditions for RT-PCR followed published procedures (Kolukisaoglu et al. 2002 , Bovet et al. 2003 ) in the PCR mixture was performed according to Bovet et al. (2003) using 22 cycles which were in the exponential range of the PCR as determined in pilot experiments.
Promoter-GUS fusion and GUS expression analysis
As demonstrated already for AtMRP4 (Klein et al. 2004 ), membrane fixation of the GUS protein using a transmembrane helix results in a less diffuse cellular GUS pattern. Therefore, the GUS protein was transcriptionally fused to the AtMRP1 and AtMRP2 promoter region including the first 67 and 66 amino acids of AtMRP1 and 2, respectively, which positions the GUS protein in the cytosolic loop behind the first transmembrane helix. In order to allow conformational flexibility, two glycine codons were spaced in between the truncated MRP proteins and GUS. The entire DNA fragments fused to the uidA gene therefore covered nucleotide positions -2,540 to þ201 and -2,627 to þ198 relative to the start codon for AtMRP1 and AtMRP2, respectively, and were amplified by PCR using genomic Ws-2 DNA as a template and the Herculase Enhanced DNA Polymerase Kit (Stratagene). The primers used were Pro1_upper (5 0 -GATCGTCGACGGTCTCCTCCTCCATTA TTGGTTTACCG-3 0 ), Pro1_lower (5 0 -AGTCAGATCTACCATA CCTCCGCAGAACTTATCCACTTTGTGATCCTTCG-3 0 ) and Pro2_upper (5 0 -GATCGTCGACGGGCCGGCCAAACAGTCA AGAATGCAGTC-3 0 ), Pro2_lower (5 0 -AGTCAGATCTACCATA CCTCCGAACCTCTCCACCTTGTGATCCTTTAAG-3 0 ) for the promoter region of AtMRP1 and AtMRP2, respectively, where the SalI and BglII restriction sites are highlighted in bold, respectively, while two glycine codons added in between the coding fragment of the AtMRP gene and the uidA gene to allow conformational flexibility are in italics. PCR products were cloned into SalI-BglII in pCAMBIA1305.1 (www.cambia.org) thereby replacing the cauliflower mosaic virus 35S promoter, resulting in pC1305Pro AtMRP1 and pC1305Pro AtMRP2 . Promoter and in-frame fusions of uidA were verified by sequencing. Arabidopsis thaliana Ws-2 plants were transformed by floral dipping using Agrobacterium strain GV3101 (Clough and Bent 1998) . More than 25 hygromycin-resistant T 1 transformants for each promoter were transferred to soil, and T 2 seeds were recovered. By hygromycin selection, T 2 seed batches exhibiting a 3 : 1 hyg R /hyg S ratio were identified, and T 3 seeds of eight single plants per family were again tested for 100% hygromycin resistance before being used in GUS assays as described by Rashotte et al. (2001) , using 1 mM 5-bromo-4-chloro-3-indolyl b-D-glucuronide cyclohexylamine salt (Biosynth, Stadd, Switzerland) as the substrate and overnight incubation at 378C. Following clearing in 80% EtOH at 48C, images of GUS-stained seedlings and tissues were taken using either a Nikon SMZ1500 binocular and a Nikon Coolpix (Egg, Switzerland) camera or a Leica DMR microscope equipped with a Leica DC300F chargecoupled device camera and controlled by Leica IM1000 software (Leica, Heerbrugg, Switzerland). Digital pictures were processed using Photoshop 7.0 (Adobe Systems).
Isolation of mesophyll protoplasts and vacuoles from A. thaliana leaves
For protoplast isolation, fully grown rosette leaves were placed with their carefully abraded (P500 emery paper) abaxial side on medium A (0.5 M sorbitol, 20 mM MES/KOH, pH 5.6, 1 mM CaCl 2 ) containing 0.03% (w/v) pectolyase Y-23 and 0.75% (w/v) cellulase Y-C for cell wall digestion (90 min, 308C). The protoplasts were collected by centrifugation (200Âg, 5 min) on a small cushion of osmotically stabilized Percoll pH 6 (0.5 M sorbitol, 1 mM CaCl 2 , 20 mM MES, pH 6). Purification of protoplasts was performed by centrifugation (5 min, 200Âg) in a discontinuous Percoll gradient where resuspended protoplasts (bottom) were sequentially overlayered with 1 vol. of medium B [0.4 M sorbitol, 30 mM KCl, 20 mM HEPES-KOH, pH 7.2, 1 mM dithiothreitol (DTT), 1 mg ml À1 bovine serum albumin (BSA)] containing 25% (v/v) osmotically stabilized Percoll pH 7 (0.5 M sorbitol, 20 mM HEPES, pH 7.2-middle phase) and about one-third volume of medium B without Percoll (upper phase). Concentrated protoplasts were recovered from the upper 0/25% Percoll interphase and lysed by adding the same volume of medium C [0.2 M sorbitol, 10% (w/v) Ficoll, 20 mM EDTA, 10 mM HEPES-KOH, pH 8, 160 mg ml À1 BSA, 1 mM DTT] pre-warmed to 428C followed by $10 min incubation at room temperature. Progression of vacuole release was continuously controlled by microscopy, and vacuoles were purified and concentrated by centrifugation (200Âg, 5 min) using a step gradient in 15 ml glass tubes as follows: lower phase, 1 vol. of lysate; middle phase, 1 vol. of a 1 : 1 mixture of medium C and medium D (0.4 M betaine, 30 mM KCl, 20 mM HEPES-KOH, pH 7.2, 1 mg ml À1 BSA, 1 mM DTT); and upper phase, 1/3 volume of medium D. Vacuoles were collected from the interface between the middle and upper phase and immediately used in transport experiments.
Uptake experiments with plant vacuoles
Vacuolar uptake experiments with [ ) and further substances as indicated were placed on the bottom of the tube. Uptake was started by adding 30 ml of vacuoles resuspended in medium D which were adjusted to contain 30% (v/v) Percoll pH 7.2 beforehand. The samples were rapidly overlaid with 200 ml of poly(dimethylsiloxane-co-methylphenylsiloxane) 550 (Aldrich, Buchs, Switzerland) and 60 ml of water. The incubation was terminated after 15 min by flotation of the vacuoles (10,000Âg for 15 s). The level of radioactivity in the aqueous phase (50 ml) was determined by scintillation counting using 3 ml of scintillation cocktail (Readysafe Beckman Coulter, Inc., Fullerton, CA, USA). The vacuolar volume was determined in separate assays omitting the substrates but adding 0.2 mCi of 3 H 2 O that rapidly equilibrated between the medium and the vacuolar lumen. Since no uptake could be observed in the absence of MgATP, uptake rates were calculated by subtracting the radioactivity measured in the absence of ATP from that measured in the presence of MgATP, unless stated otherwise.
Chlorophyll measurement and calculation of ethylene-induced chlorophyll degradation
Total chlorophyll was determined in 80% acetone extracts by spectrophotometric measurement of absorbances at 470, 647 and 663 nm using the equations of Lichtenthaler (1987) . The number and appearance of rosette leaves were not affected by any of the T-DNA insertions in the AtMRP genes investigated. Rosette leaves of C 2 H 4 -treated and control plants were sampled individually following their developmental appearance from young to old leaves. By definition, the first, youngest leaf had a minimum of 1 cm in length when removed. Total chlorophyll was determined in each individual leaf and averaged over several plants per experimental series. In order to calculate the relative chlorophyll content in an ethylene-treated leaf as compared with the corresponding untreated leaf within the developmental leaf series, the following calculation was performed: RC X ¼ TC ethylene , X =TC untreated,X À Á = TC ethylene,1 =TC untreated,1 À Á where RC is the relative chlorophyll content of leaf X, and TC is the total chlorophyll measured in the first (subscript 1) or any other (subscript X) individual leaf.
Statistics
Statistical analyses were performed using SPSS 11.5, and graphs were produced using SIGMAPLOT version 8.02 (SPSS Inc., Chicago, IL, USA). The Mann-Whitney test was used to compare root length, chlorophyll content and activity of transport for toxicity, ethylene-induced chlorophyll degradation and uptake experiments, respectively, between the mutants and their corresponding wild type.
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